Epithelial-mesenchymal transition is an important mechanism of epithelial tumor progression, local invasion and metastasis. The E-cadherin (CDH1) repressor SLUG (SNAI2) and the basic helix-loop-helix transcription factor TWIST1 inhibit CDH1 expression in poorly differentiated malignancies as inducers of epithelialmesenchymal transition. Epithelial-mesenchymal transition has been implicated in progression from well to poorly differentiated/anaplastic thyroid carcinoma but the expression of SNAI2 and TWIST1 proteins and their phenotypic association in human thyroid cancers has not been extensively studied. We examined the expression of SNAI2, TWIST1 and CDH1 by immunohistochemistry in a panel of well-differentiated and anaplastic thyroid cancers and by qRT-PCR in thyroid cell lines. Ten normal thyroids, 33 follicular adenomas, 56 papillary thyroid carcinomas including 28 follicular variants, 27 follicular carcinomas and 10 anaplastic thyroid carcinomas were assembled on a tissue microarray and immunostained for SNAI2, TWIST1 and CDH1. Most (8/ 10) anaplastic thyroid carcinomas demonstrated strong nuclear immunoreactivity for SNAI2 with associated absence of CDH1 in 6/8 cases (75%). TWIST1 was expressed in 5/10 anaplastic thyroid carcinomas with absence of CDH1 in 3/5 (60%) cases. These findings were confirmed in whole sections of all anaplastic thyroid carcinomas and in a separate validation set of 10 additional anaplastic thyroid carcinomas. All normal thyroids, follicular adenomas, papillary and follicular thyroid carcinomas were negative for SNAI2 and TWIST1 (Po0.0001) and all showed strong diffuse immunoreactivity for CDH1 (P ¼ 0.026). Expression of SNAI2, TWIST1 and CDH1 mRNA varied in a normal thyroid, papillary carcinoma and two anaplastic thyroid carcinoma cell lines tested, but the highest levels of CDH1 mRNA were detected in the normal thyroid cell line while the anaplastic thyroid carcinoma cell line demonstrated the highest levels of SNAI2 and TWIST1 mRNA. Our findings support the role of epithelial-mesenchymal transition in the development of anaplastic thyroid carcinoma. Modern Pathology (2013) 26, 54-61; doi:10.1038/modpathol.2012.137; published online 17 August 2012
Recent studies in thyroid tumors have supported a role of epithelial-mesenchymal transition in thyroid carcinogenesis. Vasco et al 10 using gene expression profiling and confirmatory functional studies in papillary thyroid carcinoma, demonstrated upregulation of epithelial-mesenchymal transition-related genes at the invasive edge but not in the central portion of papillary thyroid carcinomas. The authors also showed that overexpression of vimentin, a marker of epithelial-mesenchymal transition-like phenotype in papillary thyroid carcinoma, was associated with tumor invasiveness, multifocality and lymph node metastasis. Epithelial-mesenchymal transition has also been implicated in the development of anaplastic thyroid carcinoma, a highly aggressive malignancy with mesenchymal morphology and poor prognosis. 11 Frequent loss of CDH1 expression has been reported in anaplastic thyroid carcinoma, consistent with the epithelial-mesenchymal transition-like phenotype. [12] [13] [14] [15] Epithelialmesenchymal transition occurred during progression of BRAF-induced papillary thyroid carcinoma to poorly differentiated/undifferentiated thyroid carcinoma in a mouse model. 15 Recently, Salerno et al 16 showed functionally relevant upregulation of TWIST1 in anaplastic thyroid carcinoma cell line, further supporting the role of epithelial-mesenchymal transition in the pathogenesis of this aggressive malignancy. Despite the ample functional evidence for the role of epithelial-mesenchymal transition in thyroid cancer, the data on the expression of SNAI1, SNAI2 and TWIST1 and their phenotypic association in human thyroid tumor samples is rather limited. Hardy et al 17 demonstrated expression of epithelial-mesenchymal transition regulators SNAI1 and SNAI2 by immunohistochemistry in approximately half of the follicular thyroid carcinomas and 87% of papillary thyroid carcinomas. In contrast, Salerno et al 16 reported that another epithelial-mesenchymal transition marker, Twist, was detected by immunohistochemistry only in human anaplastic thyroid carcinomas (49%) but not in well-differentiated or poorly differentiated thyroid cancers. To better understand the correlation between the expression of epithelial-mesenchymal transition markers and the morphologic phenotype, we examined the expression of SNAI2, TWIST1 and CDH1 by immunohistochemistry in a panel of 146 human thyroid tissues/tumors and by RT-PCR in thyroid cell lines.
Materials and methods

Patients
The study was approved by the Institutional Review Board. Patients diagnosed with follicular adenoma, follicular thyroid carcinoma, papillary thyroid carcinoma (including follicular variant) and anaplastic thyroid carcinoma were identified using a surgical pathology database. Corresponding hematoxylin and eosin-stained slides were reviewed for confirmation of the diagnosis. Clinical records were accessed for the following information: sex and age at diagnosis, family and personal history of thyroid disease, history of radiation exposure/therapy, clinical and/ or radiologic evidence of lymph node or systemic metastases and the date of last follow-up or death. Data on the tumor size, multifocality, histologic type, and the presence of vascular invasion and lymph node metastases was extracted from the surgical pathology reports. Follow-up time was calculated as months between the date of the diagnosis and the date of the last follow-up. Patients were considered to be lost to follow-up if no medical information was obtainable beyond the original surgery.
Construction of the tissue microarray. After confirmation of the diagnosis, the most representative areas of the formalin-fixed paraffin-embedded thyroid tumors were assembled on a tissue microarray in triplicate 0.6 mm cores using manual tissue microarrayer (Beecher Instruments,Sun Prarie, WI, USA). For normal thyroid controls, we used thyroid tissue incidentally removed from patients undergoing surgery for hyperparathyroidism or the opposite (histologically normal) thyroid lobe in patients with follicular or papillary carcinoma. Sections of 5 mm were cut for subsequent immunohistochemical analysis. The placement of the tissue cores on the recipient block of the microarray was confirmed by the hematoxylin and sosin stain.
Validation set. An additional 10 cases of whole tissue sections of anaplastic thyroid carcinoma were used to validate the findings from the tissue microarray. 0 -CCATCCAATCGGTAGTAGCG-3 0 . The qRT-PCR was performed on the CFX96 PCR detection system (Bio-Rad, Hercules, CA, USA). Relative quantities determined by the delta-delta CT method.
Immunohistochemistry. For automated immunostaining, 5 mm thick tissue microarray sections were deparaffinized followed by heat-induced epitope retrieval using the Lab Vision PT module (Thermo Scientific) with Lab Vision citrate buffer pH 6.0. All immunolabeling was performed at room temperature using the Lab Vision 360 LV-1 Autostainer system (Thermo Scientific). All reagents used were from Biocare Medical, Chicago II, USA, except where noted. Endogenous peroxidase was blocked for 5 min with Peroxidazed-1. Nonspecific protein binding was blocked by Sniper and nonspecific avidin was blocked using the Avidin-Biotin kit, incubating 15 min for each reagent. Antibodies to CDH1 (Cell SignalingTechnology, Beverley, MA, USA, clone 24E10, 1:400), SNAI2 (Cell Signaling, clone C1967, 1:100) and Twist1 (Abcam, Cambridge, MA, USA, polyclonal, 1:250) were incubated for 60 min followed by incubation with biotinylated goat anti-mouse IgG for 15 min and subsequent 4plus Streptavidin-HRP treatment for 15 min. Betazoid Diaminobenzidene and Mayer's Hematoxylin were each incubated for 1 min. Primary antibodies were omitted in negative controls, which resulted in no staining. For positive controls, thyroid tumors previously shown to express the antigen of interest by immunohistochemistry and by RT-PCR were used. For manual immunostaining, full tissue sections of the anaplastic thyroid carcinomas were deparaffinized followed by microwave heat-induced epitope retrieval with 10 mM citrate buffer pH 6 for 20 min. Endogenous peroxidase was blocked with 3% hydrogen peroxide for 15 min followed by a nonspecific protein block with a 2.5% normal horse serum for 30 min. The above-mentioned primary antibodies were incubated overnight at 4 1C at half the dilution used for automated immunostaining. The following day the slides were washed and incubated for 30 min with the ImmPRESS Universal Peroxidase Reagent Kit (Vector Laboratories, Burlingame, CA, USA) and developed with the ImmPACT DAB Kit (Vector Laboratories) and Gills Hematoxylin (Vector Laboratories) incubating each for 1 min.
The immunohistochemistry scoring was performed by two independent observers (D.B. and R.V.L.) using conventional bright field microscopy and differences in interpretation were reviewed for consensus. Unequivocal nuclear staining pattern for SNAI2 and TWIST1 and membranous staining for CDH1 were interpreted based on the intensity as negative, weak (1 þ ), moderate (2 þ ) and strong (3 þ ). Only 2 þ and 3 þ intensity of staining was considered to be positive. The expression was considered focalpositive cells comprised of 2-25% of all tumor cells in the tissue microarray sample and diffuse if this ratio was 425%. Focal staining of o1% of all tumor cells was considered to be negative.
Statistical analysis. Categorical variables were assessed using w 2 , or with Fisher's exact test. Numerical variables were compared with one-way ANOVA. The statistical comparisons were performed using R software 18 or GraphPad Prism version 5 software (San Diego, CA, USA).
Results
Clinicopathologic Characteristics and Outcomes
The patient's demographics and tumor characteristics of cases represented on the tissue microarray are presented in Table 1 . One hundred and thirty six cases were evaluated including 33 cases of follicular adenoma, 28 cases of papillary thyroid carcinoma including 2 tall cell variants, 28 cases of follicular variant of papillary thyroid carcinoma, 27 cases of follicular thyroid carcinoma and 10 cases of anaplastic thyroid carcinoma. There was a female Table 2 . The median follow-up was 36 months in patients with papillary thyroid carcinoma, 28.5 months in patients with follicular variant of papillary thyroid carcinoma, 46.5 months in patients with follicular thyroid carcinoma and 6 months in patients with anaplastic thyroid carcinoma. As expected, the most favorable clinical outcomes were observed in patients with papillary thyroid carcinoma, including the follicular variant, whereas more aggressive tumor behavior were observed in patients with anaplastic thyroid carcinoma.
Immunohistochemistry
Immunostaining for SNAI2, TWIST1 and CDH1 was performed in 136 formalin-fixed paraffin-embedded samples of thyroid tissues/tumors assembled on a tissue microarray. Unequivocal nuclear immunoreactivity for SNAI2 and TWIST1 and membranous staining for CDH1 were analyzed as described in the Materials and Methods section. Moderate or strong (focal or diffuse) immunoreactivity was considered positive. Examples of immunohistochemical staining in papillary, follicular and anaplastic thyroid carcinoma along with the corresponding hematoxylin and eosin stain are demonstrated in Figure 1 and the summary of immunohistochemistry results in the entire cohort are presented in Table 3 . Most (8/10) anaplastic thyroid carcinomas demonstrated strong nuclear immunoreactivity for SNAI2 (6 diffuse, 2 focal). In 6/8 cases (75%) of anaplastic thyroid carcinomas, expression of SNAI2 correlated with complete absence of CDH1 immunoreactivity. TWIST1 was detected in 5/10 anaplastic thyroid carcinomas with absence of CDH1 in 3/5 (60%) of these cases. SNAI2 and TWIST1 were undetectable in any of the normal thyroids, follicular adenomas, papillary thyroid carcinomas including tall cell and follicular variants, or follicular carcinomas (Po0.00001 for each protein, two-tailed Fisher's exact test). All normal thyroids, follicular adenomas and well-differentiated thyroid cancers showed strong diffuse immunoreactivity for CDH1 (P ¼ 0.026, two-tailed w 2 ), including all lesions with Hurthle cell morphology. No difference in expression of SNAI2, TWIST1 and CDH1 was observed in papillary thyroid carcinomas with potentially more aggressive behavior including two tall cell variants and 20 conventional papillary carcinomas with invasive growth pattern. Immunoreactivity for SNAI2 and TWIST1 was also detected in the nuclei of stromal fibroblasts, endothelial cells and occasional inflammatory cells (not shown). To validate the tissue microarray findings, we repeated the immunostaining for SNAI2, TWIST1 and CDH1 in whole sections of all anaplastic thyroid carcinomas. The results in the anaplastic thyroid carcinoma closely matched the tissue microarray findings with regard to expression of SNAI2 and CDH1 (8/10 cases expressed SNAI2, 3/10 cases maintained CDH1); one additional case was found to diffusely express TWIST1 in the large An additional 10 cases of whole sections of anaplastic thyroid carcinoma was used as a validation set. All of the patients died of disease within 14 months after the diagnosis. SNAI2 was positive in all 10 cases (100%), whereas TWIST1 was positive in 7 cases (70%). CDH1 was negative in all 10 cases.
To correlate the immunohistochemistry results with the morphologic appearance, the anaplastic Figure 1 Examples of SNAI2, TWIST1 and CDH1 immunolabeling in (a) papillary thyroid carcinoma, (b) follicular thyroid carcinoma and (c) anaplastic thyroid carcinoma. Strong diffuse nuclear staining for SNAI2 and TWIST1 is observed in anaplastic thyroid carcinoma accompanied by loss of membranous staining for CDH1. The patient died in less than a month after the diagnosis. Papillary thyroid carcinoma and follicular thyroid carcinoma are positive for CDH1, but negative for SNAI2 and TWIST1. thyroid carcinomas were divided into predominantly epithelioid (11/20) and predominantly spindled (9/10) type. We did not observe an apparent correlation between the morphologic phenotype and expression of SNAI2, TWIST1 and CDH1 by immunohistochemistry. Correlation of SNAI2, TWIST1 and CDH1 expression with the tumor behavior in anaplastic thyroid carcinoma showed that all patients with known metastatic disease and all patients who died of disease by the cutoff time point had strong diffuse expression of SNAI2 and TWIST1 in their anaplastic thyroid carcinoma samples. There was no apparent relationship between loss of E-cadherin expression and disease outcome.
qRT-PCR in Thyroid Cell Lines
Expression of SNAI2, TWIST1 and CDH1 genes was examined at the level of mRNA in normal thyroid cell line NTHY-ORI 3-1, papillary cancer cell line TPC-1 and the THJ-16T and THJ-21T anaplastic thyroid carcinoma cell lines. The results are shown in Figure 2 . Overall, the expression of SNAI2 and TWIST1 mRNAs in thyroid tumors was variable. However, the highest levels of CDH1 mRNA were detected in the normal thyroid cell line, which also showed no detectable SNAI2 and TWIST1 mRNA. In contrast, the 21T anaplastic thyroid carcinoma cell line demonstrated the highest levels of SNAI2 and TWIST1 mRNA and lower CDH1 mRNA expression levels relative to the normal thyroid cell line. Interestingly, the E-cadherin mRNA was not detected in PTC cell line TPC-1, which also showed low levels of SNAI2 and TWIST1 mRNA.
Discussion
Although the evidence supporting the role of epithelial-mesenchymal transition in thyroid carcinogenesis is increasing, the data on the expression of the specific mediators of this process such as SNAI1, SNAI2 and TWIST1 and their phenotypic association in human thyroid carcinoma samples are limited. In the present study, we have demonstrated strong diffuse expression of SNAI2 and TWIST1 by immunohistochemistry and concomitant loss of CDH1 expression in the majority of anaplastic thyroid carcinomas but not in normal thyroids, thyroid adenomas or well-differentiated thyroid carcinomas. Our findings with TWIST1 are in agreement with the previous study by Salerno et al 16 who reported expression of TWIST1 by immunohistochemistry only in human anaplastic thyroid carcinoma samples but are in contrast to earlier observations by Hardy et al 17 who detected epithelial-mesenchymal transition inducers SNAI1 and SNAI2 by immunohistochemistry in about half of the follicular thyroid carcinomas and in a substantial proportion (87%) of papillary thyroid carcinomas. Possible reasons for the lack of SNAI2 expression or reduction in CHD1 staining in our papillary thyroid carcinoma samples include the use of different antibodies or occurrence of epithelialmesenchymal transition at the invasive front but not in the central portion of the papillary thyroid carcinoma as demonstrated by Vasco et al 10 and Riesco-Eizaguirre et al, 19 and the invasive edge of the tumor was less likely to be represented on the tissue mircoarray. However, we did not detect SNAI2 or TWIST1 immunoreactivity or a difference in CDH1 expression by immunohistochemistry between the central area and the invasive edge in five randomly selected whole sections of invasive papillary thyroid carcinoma included in the tissue microarray (data not shown).
Our observations of inverse relationship between expression of epithelial-mesenchymal transition inducers SNAI2, TWIST1 and CDH1 in the majority of human anaplastic thyroid carcinoma samples agree with the recent functional in vitro and in vivo studies supporting the unique role of epithelialmesenchymal transition in the development of this very aggressive malignancy. Knauf et al 15, 19 showed activation of the EMT regulators SNAI1, ZEB1 and ZEB2 with concurrent alterations in CDH1 expression during progression from BRAF-mutated papillary thyroid carcinoma to undifferentiated carcinoma in mice, likely due to the activation of TGF beta/SMAD pathway. Deregulation of the epithelial-mesenchymal transition suppressor miR-200 family and concomitant upregulation of the inducers ZEB1 and ZEB2 has been demonstrated in anaplastic thyroid carcinoma, but not in well-differentiated thyroid cancers. 14 immunohistochemical study suggested that cancer stem cell-like properties in anaplastic thyroid carcinoma also display attributes of epithelilalmesenchymal transition. 22 Understanding the relationship between the expression of epithelial-mesenchymal transition proteins and morphologic phenotype in anaplastic thyroid carcinoma has been problematic due to very low number of cases in most studies and lack of agreement on how to subtype these cancers by morphology in general. Salerno et al 16 reported a significant inverse correlation between expression of TWIST1 by immunohistochemistry and epithelioid morphology in anaplastic thyroid carcinoma. Similarly, Knauf et al 15 suggested a correlation between squamoid vs mesenchymal morphology and the presence or absence of membranous E-cadherin staining in anaplastic thyroid carcinoma. Both the authors speculate that immunohistochemical detection of epithelial-mesenchymal transition in anaplastic thyroid carcinoma correlates with the mesenchymal phenotype. Possible molecular events related to the acquisition of mesenchymal features induced by epithelial-mesenchymal transition in thyroid carcinoma have been explored in recent studies. Vasco et al 10 showed downregulation of genes involved in cell-cell adhesion and communication at the level of mRNA and overexpression of RUNX2 and fibronectin by immunohistochemistry at the invasive front of papillary thyroid carcinomas characterized by epithelial-mesenchymal transition. In the mouse model of progression from BRAF-mutated papillary thyroid carcinoma to undifferentiated carcinoma, 15 expression of inducers of epithelialmesenchymal transition SNAI1, ZEB1 and ZEB2 was associated with significant downregulation of genes involved in tight junctions, desmosomes and adherent junction proteins and upregulation of intermediate filaments and basement membrane genes. These findings correlated at the morphologic level with spindle cell morphology and loss of E-cadherin and expression of vimentin immunostain by immunohistochemistry. We did not find an association between epithelioid or spindle cell morphology and SNAI2, TWIST1 and CDH1 expression in our anaplastic thyroid carcinoma samples, although this assessment was based on morphology and did not include immunostaining for vimentin.
A positive correlation between the expression of epithelilal-mesenchymal transition inducers SNAI1, SNAI2 and TWIST1 in the tumor cells and in cancer-associated fibroblasts, and aggressive tumor behavior has been suggested in a variety of human malignancies including breast, endometrial, ovarian, colon, gastric and other cancers. [5] [6] [7] [8] 23 One exception is a recent analysis of SNAI1 and SNAI2 expression in renal cell carcinoma. 9 The authors found that SNAI2-positive renal cell carcinoma was associated with lower-stage tumor and better prognosis than SNAI2-negative renal cell carcinomas. To our best knowledge, studies in human samples
have not yet addressed such relationship in anaplastic thyroid carcinoma. However, the finding of epithelialmesenchymal transition at the invasive edge of papillary thyroid carcinoma 10 and in lymph node metastases of papillary thyroid carcinoma 17 indicates a link between induction of epithelilalmesenchymal transition and aggressive behavior in well-differentiated thyroid cancers. Our findings of SNAI2 and TWIST1 expression in anaplastic thyroid carcinoma, but not in well-differentiated thyroid carcinomas further suggest that this relationship probably exist in thyroid cancers as well. Signal transduction has been linked to cell proliferation, but we did not study signal transduction in the current manuscript. Integrin and its receptors have also been linked to epithelial mesechymal transition, but integrin was not examined in the current study.
Quantitative RT-PCR in thyroid cell lines detected the highest levels of CDH1 mRNA in the normal thyroid cell line, whereas the anaplastic thyroid carcinoma cell line had the highest levels of SNAI2 and TWIST1 mRNA and reduction of CDH1 mRNA levels relative to the normal thyroid. These findings are generally supportive of our immunohistochemical observations in primary human tissue samples.
In summary, our results support the role of epithelilal-mesenchymal transition in anaplastic thyroid carcinoma development. Immunolabeling for SNAI2, TWIST1 and CDH1 may, in principle, be used as part of a panel in the differential diagnosis of anaplastic thyroid carcinoma in limited tissue specimens. However, the results should be interpreted with caution as SNAI2 and TWIST1 can be detected by immunohistochemistry in stromal and endothelial cells and also in a variety of other poorly differentiated carcinomas.
